the former mechanism, photoexcited electrons and holes are accelerated by a built-in electric field originating from the work function difference across the junction. In the latter mechanism, however, photothermoelectric current is driven by photocarrier diffusion when temperature gradient is established across the interface with different thermal power. Both mechanisms show photocurrent polarity reversal by tuning graphene doping concentration. Although it is still challenging to distinguish the dominant photocurrent generation mechanism, 17,19 recent studies at the graphene pÀn junction suggest that inefficient electronÀacoustic phonon relaxation will enhance the thermoelectric current, with a signature of multiple polarity reversals. 18, 20, 21 To this end, we report photocurrent studies at the grapheneÀmetal junction and graphene pÀn junction by using both femtosecond pulse laser and CW laser excitation. Surprisingly, the gate-dependent photocurrent generated at the grapheneÀmetal junction does not exhibit polarity reversal under pulse laser excitation. In addition, photocurrent peaks near the graphene Dirac point gate voltage, where photocarrier lifetime reaches a maximum based on theories.
G raphene, composed of single-layer carbon atoms, could be the potential material for hot carrier optoelectronic applications. The strong optical absorption of graphene (2.3% for a single atomic layer) 1, 2 and the reduced phonon modes in low dimension indicate the possibility of creating nonequilibrium hot carriers due to inefficient cooling when the optical phonon temperature quickly rises to near hot carrier temperature under intense excitation. 3 In addition, as hot carriers cool below optical phonon energy (∼200 meV), inefficient carrierÀacoustic phonon relaxation process can further slow down carrier cooling. 4, 5 Recently, hot carrier dynamics in graphene, including hot carrier diffusion, 6 carrierÀcarrier interaction, 7, 8 carrierÀphonon coupling and carrier recombination, 9À11 were investigated by femtosecond pulse laser.
On the other hand, photocarrier transport in graphene, excited by a CW laser, was found to follow a built-in electric field 12À15 or photothermoelectric effect (PTE). 16À18 For the former mechanism, photoexcited electrons and holes are accelerated by a built-in electric field originating from the work function difference across the junction. In the latter mechanism, however, photothermoelectric current is driven by photocarrier diffusion when temperature gradient is established across the interface with different thermal power. Both mechanisms show photocurrent polarity reversal by tuning graphene doping concentration. Although it is still challenging to distinguish the dominant photocurrent generation mechanism, 17, 19 recent studies at the graphene pÀn junction suggest that inefficient electronÀacoustic phonon relaxation will enhance the thermoelectric current, with a signature of multiple polarity reversals. 18, 20, 21 To this end, we report photocurrent studies at the grapheneÀmetal junction and graphene pÀn junction by using both femtosecond pulse laser and CW laser excitation. Surprisingly, the gate-dependent photocurrent generated at the grapheneÀmetal junction does not exhibit polarity reversal under pulse laser excitation. In addition, photocurrent peaks near the graphene Dirac point gate voltage, where photocarrier lifetime reaches a maximum based on theories.
22À24
The results provide the evidence of hot carrier generation and extraction from the graphene device. Also, the mechanism of photocurrent generation within the pristine graphene pÀn junction is confirmed to be due to photothermoelectric effect. Figure 1a shows the schematic of a typical graphene pÀn junction formed by electrostatic gating. A pair of split bottom gates (V g1 and V g2 ) can electrostatically dope the graphene in the above sections into p-and n-type, respectively, and form the pÀn junction in between (details in Supporting Information). Resistance versus split gate voltage scans exhibit consistent gate responses for both gates and a Dirac point gate voltage of ∼4.8 V (Figure 1b) . The device is studied by scanning photocurrent spectroscopy 13 ( Figure 1a ; also see Supporting Information) at ambient conditions. Briefly, we raster scan the excitation laser across the device and simultaneously measure the photocurrent and reflected light intensity. Both CW (λ = 900 nm) and femtosecond pulsed laser (λ = 800 nm) are used, and the focused laser spot sizes are around 1.5 μm. The top inset in Figure 1b shows a spatially resolved photocurrent map with CW excitation under zero sourceÀdrain and gate bias voltage. Photocurrent peaks at the source and drain metalÀgraphene contacts, confirmed by overlapping with the reflected light intensity mapping ( Figure 1b , bottom inset). We then turn our attention to the gate-dependent photocurrent mapping across the length of the device (dotted line in the top inset of Figure 1b ) with both CW and pulse laser excitation. Figure 1c ,d shows photocurrent versus V g2 and laser position for CW and femtosecond pulse excitation, respectively. V g2 is scanned from À10 to 20 V with V g1 grounded during the measurement, modulating the graphene device from pÀp junction to pÀn junction. Significantly, two We first focused our attention on the photocurrent abnormally at the metal/graphene contact between CW and pulse laser excitation. Figure 2a , the photocurrent excited by the CW laser switches sign at V g2 = 7.5 V, agreeing with the literature where work function difference between graphene and metal determines the sign of photocurrent. 12, 14, 15 On the basis of the thickness of the gate dielectric (50 nm Al 2 O 3 , ε ∼ 7.5) and the Dirac point voltage, we estimate a metal work function of 4.3 eV, consistent with the typical value for our contact metal Ti. In comparison, surprisingly, photocurrent excited by the pulse laser (Figure 2b 
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Furthermore, the photocurrent curve exhibits nearly symmetrical decay around V g2 = 5 V by increasing either hole density or electron density.
The unusual photocurrent response from pulse laser excitation provides the evidence of nonequilibrium hot carrier extraction from graphene. Photogenerated hot carriers typically release energy to optical phonons within subpicosecond time scale, followed by slower relaxation through scattering with acoustic phonons and electronÀhole recombination. 4, 5 Hot carrier relaxation through carrier multiplication has also been reported in graphene recently. 18, 25 Nevertheless, under CW excitation, photocarriers will relax and accumulate near the equilibrium Fermi level (Figure 2c) , and photocurrent arises from the extraction of these nearequilibrium carriers by either electric field or local temperature gradient. 12À15 However, the lack of photocurrent polarity reversal hints a different mechanism. Under pulse illumination, a high flux of photon excitation will create an excess amount of hot carriers. The relaxation of these hot carriers through scattering with optical phonon will quickly raise the optical phonon temperature to near hot carrier temperature, which becomes the bottleneck for thermal relaxation of hot carriers. 3, 9 These processes lead to nonequilibrium hot carriers with elevated quasi-Fermi level ( Figure 2d ). As a result, hot carrier transport does not follow conventional mechanisms, and hot carrier photocurrent is proportional to its lifetime rather than the metalÀgraphene built-in electric field. Recent theoretical works predict that hot carrier lifetime will decrease with increasing intrinsic carrier density as Fermi energy moves away from the Dirac point. 22À24 Our observation of peak photocurrent at the Dirac point ( Figure 2b ) agrees with the prediction and provides evidence for the nonequilibrium hot carrier induced photocurrent in graphene. The exact mechanism for hot carrier extraction is unclear from this work. However, we speculate that the asymmetric electron and hole mobilities (μ e /μ h = 0.86 for the device shown in Figure 1b ) can lead to hot electron and hole diffusion with different velocity. The resulting spatial charge distribution builds up the transient electric field, which drives the carriers to the contact. On-going works on devices with different metal contacts and different electron and hole mobilities are underway to elucidate the hot carrier extraction mechanism.
To gain further insight into the hot carrier dynamics, we studied the gate-dependent photocurrent at the metal/graphene junction under different pulse laser power. Figure 3aÀc shows three representative photocurrent maps measured at 580 μW, 930 μW, and 3.49 mW pulse laser power, respectively. Significantly, photocurrent switches sign as the pulse laser power drops (Figure 3a) , reminiscent of the case with CW excitation. More detailed power-dependent photocurrent curves obtained at the contact edge are shown in Figure 3d with the zoom-in view shown in Figure 3e . At a low power of 145 μW, photocurrent switches sign at V g2 ∼ 7.5 V, and positive photocurrent peaks around 0.5 V. These values are similar to the curve shown in Figure 2a , suggesting that built-in field and PTE dominate current generation. By increasing power to 580 μW, photocurrent amplitude increases in both positive and negative regions. However, at 930 μW, photocurrent becomes entirely positive and peaks at 2 V, indicating hot carrier extraction also contributes to photocurrent generation. With further increasing of the laser power, positive photocurrent peak gradually shifts to 5 V (Figure 3e, inset) , at which point hot carriers dominate transport. The results indicate that hot carrier extraction is closely related to pulse laser illumination power.
We also studied the gate-dependent photocurrent generation within the graphene pÀn junction formed by the split bottom gates. To identify the photocarrier transport mechanism, we compared the experimental data with simulations of field-driven carrier transport and PTE-originated transport in Figure 4 . From the split gate responses of the device, we can calculate gatedependent thermopower (Figure 4a ) using the Mott formula:
where S is thermopower and G is conductance. PTEoriginated photocurrent is expected to be proportional to the thermal power difference, ΔS, across the pÀn junction, as plotted in Figure 4b . If the photocarrier ARTICLE transport is field-driven, then the photocurrent is expected to follow the Fermi energy difference across the pÀn junction. We simulated the Fermi energy difference across the junction under different gate voltages using the split gate responses and plotted it in Figure 4c . The measured split gate voltage-dependent photocurrent under 2 mW CW excitation is plotted in Figure 4d . Clearly, the change of photocurrent polarity and peak shows excellent agreement with the simulation result of Figure 4b . PTE dominates photocurrent generation in the graphene pÀn junction, consistent with recent theoretical prediction based on similar device configuration. 18 Last, we investigated the disappearance of photocurrent at the graphene pÀn junction under femtosecond pulse laser excitation, as previously shown in Figure 1d . To exclude the effect of gate biasing, we reversed the gate biasing condition by sweeping V g1 with V g2 fixed at 0 V. Again, there is no photocurrent generation from the pÀn junction (Figure 5a ). Complete dual gate sweeps with pulse laser excitation at the pÀn junction show almost no photocurrent regardless of the dual gate voltages, as evident in Figure 5b (also see Supporting Information Figure  S3 ). This result further corroborates the hot carrier nature of the photocurrent generation in graphene. Under pulse excitation, there is no hot carrier temperature gradient across the pÀn junction due to the overheating phonon temperature, 18 and PTE photocurrent is significantly suppressed as a result.
CONCLUSIONS
In summary, we systematically study the photocurrent generation at the grapheneÀmetal contact and graphene pÀn junction. The striking difference between CW and pulse laser excitation reveals that graphene photoresponse is closely related to illumination intensity. Importantly, we demonstrate the possibility of extracting nonequilibrium hot carriers from graphene. This finding may pave a promising pathway to build graphene-based hot carrier optoelectronics. To improve the hot carrier extraction efficiency under low illumination intensity, hot carrier cooling rate could be further slowed by quantizing graphene energy states through fabricating graphene nanoribbons 26 or by opening a band gap in bilayer graphene. 27, 28 
METHODS
Graphene was synthesized by chemical vapor deposition (CVD) method on copper 29 and then transferred to the prepatterned substrate. Single-layer nature of the graphene was identified by Raman spectroscopy. For the prepatterned substrate, Ti/Au (5/30 nm) was patterned on top of 300 nm thick silicon dioxide to serve as two split bottom gates. The pair of split gates is separated by 1 μm. Al 2 O 3 (50 nm thick) was then deposited by atomic layer deposition (ALD) as the back gate dielectric. After graphene was transferred to this prepatterned substrate, the selected graphene channel areas were defined by oxygen plasma. Photolithography was then used to pattern source and drain contacts, and Ti/Au (5/50 nm) was deposited by electron beam evaporation. The source and drain contacts were separated by 5 μm. Finally, the entire graphene device was covered by 50 nm Al 2 O 3 , deposited by ALD, in order to keep the device stable under ambient conditions.
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